Summary A quantitative multiplex real-time polymerase chain reaction (PCR) procedure was developed to assess the extent of Heterobasidion annosum (Fr.) Bref. growth in Sitka spruce (Picea sitchensis (Bong.) Carr.) bark and wood and to determine correlations between lesion length and fungal colonization. Based on lesion length and real-time PCR, the responses of four 3-year-old Sitka spruce clones to inoculation with H. annosum were characterized as showing either resistance or susceptibility to the pathogen. In susceptible clones, the extent of bark colonization did not differ from the visible length of the bark lesion, whereas lesions were longer than the extent of fungal colonization in resistant clones. The resistant clones contained considerably less fungal DNA than the susceptible clones, relative to the amount of host DNA in both the bark and the wood, indicating less resistance and more host cell death in the susceptible clones following inoculation. In both resistant and susceptible clones, fungal colonization in the wood extended beyond the visible necrotic lesion in the bark, indicating that host defense responses are weaker in wood than in bark. The spread of the pathogen in both bark and wood was less in the resistant clones than in the susceptible clones, indicating that defenses in both bark and wood of the resistant clones were superior to those in the susceptible clones.
Introduction
Sitka spruce (Picea sitchensis (Bong.) Carr.) is the major timber-producing species in the U.K. Although Sitka spruce growth rates can be high in maritime climates, the species is highly susceptible to decay caused by the root-and butt-rotcausing fungus Heterobasidion annosum (Fr.) Bref. (Pratt 1979) . Heterobasidion enters first-rotation forest plantations when basidiospores infect the cut surfaces of fresh stumps . Following germination and establishment, the fungus grows into the main body of the dying stump and along woody roots. At points of contact between stump roots and roots of standing trees, the pathogen may cross into the uninfected tree, eventually causing serious stem decay .
Losses to the forest industry caused by H. annosum in the European Union were estimated at about €800 million in 1998 (Woodward et al. 1998) . Although the impact of this pathogen in the U.K. is low compared with its impact in other north temperate countries, it is the most significant cause of decay and death of conifers in U.K. forests. The availability of selected genotypes of Sitka spruce having a low susceptibility to stem decay by H. annosum would be of great benefit to the U.K. and European forest industry, particularly on sites seriously affected by the disease.
The U.K. Forest Research Agency has a major breeding program primarily aimed at improving timber quality of Sitka spruce and clones from this program are now available for evaluation (Lee 1993) . Precise measurement of the rate of colonization by H. annosum is needed to accurately determine the relative susceptibility of these Sitka spruce clones. Several techniques have been developed for Norway spruce (Picea abies (L.) Karst.). For example, the presence of characteristic conidiophores of Heterobasidion on sequential discs cut from the stem enables the limits of extension from the inoculation site to be estimated (Dimitri and Kliefoth 1974 , Weissenberg 1975 , Dimitri 1980 , 1994 , Swedjemark et al. 1998 , 2001 . The degree of host susceptibility can also be inferred from the size of the necrotic lesion formed in the vascular cambium tissues in inoculated trees (Swedjemark et al. 1999) . Localization of the pathogen in the host may be determined by specific fungal staining methods (Asiegbu et al. 1999) . None of these methods, however, provides the quantitative estimate of fungal growth that is needed for accurate discrimination among host plants differing in susceptibility to the pathogen. Estimates of chitin concentrations in bark have been used to quantify infection by Heterobasidion and other fungi in Sitka spruce (Woodward and Pearce 1988) , but the method is labori-ous and subject to errors due to a lack of specificity, which makes it difficult to quantify with precision the amount of living fungal mycelium from a specific fungus present in the host tissue (Winton et al. 2002 , Hietala et al. 2003 . Hietala et al. (2003) demonstrated the use of a real-time polymerase chain (PCR) based method for the efficient quantification of H. annosum S-type (H. parviporum) and H. annosum F-type (H. abietinum), but not H. annosum P-type (H. annosum sensu stricto), in Norway spruce. Real-time PCR involves measurement of the amount of DNA formed during the exponential phase of the reaction, the critical threshold (dCt) value being directly proportional to the quantity of target DNA present in the initial reaction mixture. Real-time PCR is used increasingly for quantification of plant infections (e.g., Mumford et al. 2000 , Frederick et al. 2002 , Winton et al. 2002 , Hietala et al. 2003 . In multiplex real-time PCR, specific host and fungal genes are targeted with labeled probes. This method enables several DNA regions to be examined in one reaction, greatly increasing the efficiency and specificity of the process for pathogen quantification (Winton et al. 2002) . The method has been used to estimate relative fungal growth in callus raised from clones of Norway spruce differing in susceptibility to H. parviporum (H. annosum S-type; Hietala et al. 2003) .
The aim of our study was to investigate the effects of inoculation with H. annosum on bark and wood from four Sitka spruce clones from the U.K. Forestry Commission's breeding program. Of the clones selected for study, two form bark lesions significantly longer (less resistant clones) and two form bark lesions significantly shorter (more resistant clones) than the mean (of 41 clones; data not shown) in response to the pathogen. Specifically, we used multiplex real-time PCR to test the hypotheses that: (1) the extent of fungal growth in bark and wood is less in more resistant clones than in susceptible clones; and (2) the length of lesions formed by resistant clones is closely correlated to fungal colonization and can be used as a measure of host resistance.
Materials and methods

Plant material
Four clones and 10 ramets per clone were selected from three full-sib Picea sitchensis families (14 clones in Families 4 and 1, 13 clones in Family 3) from the U.K. Forestry Commission's Sitka spruce breeding program. The clones of Sitka spruce used in this study included the two from among 41 tested in this work forming the shortest stem bark lesions (Clones 27217 and 21342) and the two forming the longest stem bark lesions (Clones 21176 and 27166) following inoculation with H. annosum. Three-year-old plants were transplanted to 3-l pots containing nursery soil and placed in a greenhouse. Plants were maintained in ambient light and temperature with automatic watering for 15 min once in every 24 h for 28 days before the treatments were begun. o C. Sitka spruce discs (5 mm diameter) cut from preformed dowels were submerged in distilled water and autoclaved at 105 kPa for 30 min. After cooling, the water was discarded and the discs submerged in fresh distilled water. The autoclaving procedure was repeated, the water discarded and the discs cooled before being transferred onto cultures of H. annosum. The discs were incubated on the cultures at 22°C for 4 weeks to allow colonization to occur. Control discs were placed on sterile malt extract agar.
Preparation of fungal inoculum
Inoculations
A 5-mm-diameter wound was made in the stem of each Sitka spruce plant 10-15 cm above the root collar (where the stem diameter was about 8-10 mm) with a cork borer surface-sterilized in 70% alcohol. Bark tissues were removed to the depth of the vascular cambium. A colonized or control Sitka spruce dowel disc was placed in the wound and secured in position with Nesco™ film. Five plants were included in both the control and inoculation treatments. The trees were randomized in a greenhouse and maintained under ambient light conditions, with a minimum temperature of 8°C and a maximum temperature of 38.1 °C for 35 days.
Sample collection
Bark and wood samples were collected from each tree 35 days after inoculation. A 2-cm long piece of bark or wood, or where possible both, was collected from each plant. The horizontal mid-line of the excised stem piece corresponded with the end of the necrotic lesion. The sample of bark or bark plus wood was then subdivided into four 5-mm sections yielding two sections within the necrotic region and two in the healthy tissue beyond. To determine the extent of fungal progress, additional 5-mm pieces of both bark and wood, were collected from each of the plants a further 5cm beyond the end of the necrotic lesion. All tissue samples were stored at -20 °C until analyzed.
Lesion length measurement
The extent of the necrotic lesion was measured from the midpoint of the inoculation wound to the furthest extreme of the discolored necrotic region along the stem.
DNA isolation and quantification
Bark or wood tissue pieces, about 50 mg (fresh mass), were placed in Eppendorf tubes, weighed, frozen in liquid nitrogen and milled for 2 min in a MM 300 mill (Retsch Gmbh, Haan, Germany); the process was repeated three times with the samples being refrozen in liquid nitrogen between millings. Fungal mycelium was hand ground with a mortar and pestle. The cetyltrimethylammonium bromide method (Walter et al. 1999 ) was used to isolate DNA from 50 mg of ground tissue.
The DNA concentration was determined with PicoGreen dsDNA Quantitation Reagent in a BioRad VersaFluor fluorometer (480 nm excitation and 520 nm emission filters).
Isolation and sequencing of the polyubiquitin and partial laccase genes
PCR was performed on genomic DNA isolated from a Sitka spruce tree located at the Norwegian Agricultural University campus, Ås, Norway) and from Norway spruce Clone 589 (clonal stand at Hoxmark, Ås, Norway) with the forward primer AAGGCTAAGATCCAGGACAAGGA (pU607-F) and the reverse primer CCGACAAACAGATATGGAACA-CATAC (pU907-R) corresponding to nt 607 to 907 of the Norway spruce polyubiquitin gene (AJ271129), to compare this locus between these species and to design real-time PCR primers and probe for quantification of Sitka spruce DNA. From the PCR products, a~300 bp DNA band from both species was cloned into the pDrive vector and sequenced with vector-specific primers. The Sitka spruce sequence (AY726637) was 309 bp in length and the sequence was identical over the first 172 bp to the known Norway spruce sequence AJ271129 in the database (Figure 1) .
Isolates of the three European species of Heterobasidion, H. annosum, H. abietinum Niemelä & Korhonen and H. parviporum Niemelä & Korhonen were subcultured on malt extract agar (1% malt extract, 1.5% agar) for 11 days at 21°C before DNA extraction. The DNA of a 296 bp region, corresponding to nt 520 to 820 of the H. annosum laccase gene (HA16951), was amplified by PCR, isolated and sequenced from H. annosum, H. abietinum and H. parviporum (Table 1) , to compare the sequence variation among the species at this locus and to design real-time PCR primers and probe for quantification of Hetero basidion annosum. The forward primer CGGGCGGCAACAATGT (LacP520-F) and the reverse primer CTCGACCATAGGCTGTGTGCT (LacP815-R) were used for PCR amplification of part of the laccase gene from the four H. annosum, three H. abietinum and three H. parviporum isolates to be sequenced. The resulting single 295 bp DNA product was isolated and cloned into the pDrive vector and was sequenced with vector-specific primers for each of the four H. annosum, three H. abietinum and three H. parviporum isolates examined.
Design of real-time primers and TaqMan probes
Based on the 295 bp laccase sequence of the H. annosum isolates, the real-time primers (HaPlac-F) CCAGAAAGTAGA-CAATTACTGGATTCG, (HaPlac-R) GAGTTGCGGGCAT-TATCGA and the VIC labeled TaqMan probe (HaPlac-T) AGCGCCCAACACGGTACCCCCG with the TAMRA quencher were selected for real-time PCR quantification with the Primer Express software 1.5a provided with the Applied Biosystems Real Time Quantitative PCR systems (Applied Biosystems, Foster City, CA but did not amplify DNA from the host. After PCR a single product was detected from H. annosum, demonstrating the pathogen-specific primer-probe specificity of the set. Based on the 172 bp region of the Sitka spruce polyubiquitin gene, the primers and probe [(PSpU-F) TGGTCGTACTC-TGGCCGATTATA, (PSpU-R) ACACCTAGCGGCACACA-GTTAA] and the FAM labeled TaqMan probe (PSpU-T) TGCTCCGTCTCCGTGGTGGCT with the TAMRA quencher were used for real-time PCR. The primers and probe for Sitka spruce and their specificities were similar to those reported for quantification of Norway spruce DNA (Hietala et al. 2003) .
All primers and probes were obtained from ABI PRISM Primers & TaqMan Probes Synthesis Service (Applied Biosystems).
PCR conditions and fluorescence detection
Each real-time PCR was carried out in a final volume of 25 µl with 10 ng of extracted DNA in 5 µl of Tris-EDTA buffer. The PCR primer concentrations were: forward and reverse laccase primers, 90 nM; laccase Taqman probe, 250 nM; forward and reverse polyubiquitin primers, 150 nM; and the polyubiquitin Taqman probe, 330 nM. The TaqMan probe optimized TaqMan Universal PCR master mix (Applied Biosystems) was used. Real-time PCR cycling parameters were 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. Each PCR was repeated to verify reproducibility. Fluorescence emissions were detected with an ABI PRISM 7700 (Applied Biosystems). Data acquisition and analysis were performed with Sequence Detection System, Version 1.7a, Software Package (Applied Biosystems).
Standard curves were prepared from known amounts of pure Picea sitchensis and H. annosum DNA in a combined reaction (Figure 2 ). Recorded dCt values were plotted against the log-transformed DNA amounts, and linear regression equations calculated for the unknown samples.
Statistical analyses
Real-time PCR, DNA yield and lesion data obtained for the bark and wood of the Sitka spruce clones were subjected to analysis of variance according to the GLM procedure of SPSS 8.0. Differences were considered significant at P < 0.05.
Results
Isolation and partial sequencing of the laccase gene from H. annosum
A 295 bp portion of the laccase gene from the four H. annosum, three H. abietinum and three H. parviporum isolates described in Table 1 was purified, sequenced and aligned with the corresponding region from the submitted full length database laccase gene sequence (HA16951) (Figure 1 ). An invariant region in all H. annosum isolates was identified and used to design primers and probes for real-time amplification. The derived sequences showed the 295 bp laccase gene region to be identical in H. abietinum and H. parviporum, whereas the previously reported H. parviporum laccase sequence HA-16951 contained a nucleotide insertion and differed at several nucleotide positions from the other sequences reported here. Furthermore, the partial H. parviporum and H. abietinum laccase sequences differed from the H. annosum sequences at 22 nucleotide positions, whereas the four H. annosum isolates sequenced here could be separated into two groups differing only in the 5′ region preceding the region recognized by the real-time PCR primers and probe selected (Figure 1) .
Part of the polyubiquitin gene from Sitka spruce was isolated to design real-time PCR primers and a probe to quantify host DNA in bark and wood samples (Figure 3) . The alignment showed that the three spruce polyubiquitin sequences were identical in the first 172 nucleotides of the gene fragment until an 8-nucleotide insert present only in the Sitka spruce sequence; the sequences differed at 10 positions following the insert. The polyubiquitin sequence from Sitka spruce (AY-726637) was identical to the Norway spruce sequence over the region used to run quantitative real-time PCR. These identical 778 BODLES, FOSSDAL AND WOODWARD TREE PHYSIOLOGY VOLUME 26, 2006 host primers and probe were used in combination with the newly designed primer and probe set for H. annosum.
Lesion development
In the Sitka spruce clones, mean lesion length observed both in the wood and on the bark differed significantly (P = 0.01) among the individual clones. Clones 21176 and 27166 had significantly larger lesions than Clones 27217 and 21342 and were designated susceptible to H. annosum, whereas Clones 27217 and 21342, which formed the shortest lesions, were designated resistant (Figure 2 ). In control inoculations (wounding plus application of non-colonized Sitka spruce discs), short lesions were formed (2 ± 1 mm) around the point of injury in all clones.
Multiplex real-time PCR and fungal extension
Standard curves were constructed for host and fungal DNA, based on critical cycle threshold values (dCt), obtained from known amounts of host and fungal DNA determined by multiplex real-time PCR (Figure 4 ). These standard curves allowed the amount of fungal and host DNA detected in unknown samples by the real-time reaction to be calculated from the dCt values obtained and expressed as a percentage of the total DNA extracted. Host and fungal DNA were detected reproducibly over the range of concentrations used. Real-time PCR demonstrated that the clones designated as resistant to H. annosum differed significantly from those designated susceptible in their response to inoculation with H. annosum (P < 0.01). The extent of bark colonization did not differ significantly from the visible lesion lengths (P > 0.05) in the susceptible clones, but lesion lengths were greater than the extent of fungal colonization in the resistant clones. The resistant clones contained significantly less fungal DNA relative to host DNA in both the bark and the wood than the susceptible clones (P < 0.01; Table 2 ). In both the resistant and susceptible clones, the extent of fungal colonization was significantly greater in the wood than indicated by either the size of the visible necrotic lesion in the wood or the extent of colonization in the bark (P < 0.01; Figure 2) . However, the extent of fungal colonization in the wood was significantly less (P < 0.01) in resistant Clone 27217 than in the two susceptible clones, whereas it did not differ significantly from the other resistant clone.
Discussion
The real-time PCR assay previously developed to quantify Heterobasidion parviporum and H. abietinum infection in TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Norway spruce bark (Hietala et al. 2003 ) was unsuitable for quantification of H. annosum, thus requiring the development of a real-time PCR protocol for the quantification of H. annosum in both bark (primary and secondary phloem) and woody tissues (secondary xylem) of Sitka spruce. To our knowledge, this is the first report describing the use of real-time PCR to quantify fungal colonization in xylem tissues of a conifer and the first time a highly quantitative method has been used to compare pathogen colonization in bark and wood tissues from the same samples. The method enabled the relative pathogen susceptibility of different genotypes of Sitka (and Norway) spruce to be determined empirically, a critical step in selection and breeding of this important timber-producing species. Compared with the techniques for estimating fungal extension or measuring lesion lengths employed in previous work (e.g., Dimitri and Kliefoth 1974 , Weissenberg 1975 , Dimitri 1980 , 1994 , Swedjemark et al. 1998 , 2001 ), real-time PCR represents a significant improvement in the quantitative determination of relative resistance, or susceptibility, of spruce clones to Heterobasidion infection (cf. Hietala et al. 2003) . Because real-time PCR is less laborious than other methods, more samples can be assayed. Moreover, the method achieves both greater accuracy and greater resolution. The presence of other potentially contaminating unrelated fungi does not alter the specificity or accuracy of the method. Because the real-time PCR method is robust, there is no need to identify conidiophores of Heterobasidion, as required with incubation of stem discs. Real-time PCR is more sensitive than other methods for quantifying fungal colonization, such as estimating chitin concentrations (Ride and Drysdale 1972, Woodward and Pearce 1988) and can detect even a single hypha of pathogen in the host tissues.
In the most resistant clone (Clone 27217) of Sitka spruce as determined by lesion length, pathogen DNA was not detected in the bark, despite the development of necrosis in short lesions, indicating that colonization was completely inhibited by the host defenses in this clone. In contrast, in the susceptible Clones 21176 and 27166, fungal DNA was detected in the bark extending to the limit of the necrotic lesion, which was approximately twice the length observed in the resistant clones, indicating that additional spread of the pathogen with time might occur in these clones. The results for fungal colonization in the bark are in agreement with previously reported work on resistance of 33-year-old Norway spruce clones to the related pathogen H. parviporum (Hietala et al. 2004 ) and support the conclusion of Swedjemark and co-workers that resistance testing of young spruce plants to Heterobasidion spp. may be used as a predictor and model system for studying resistance of older spruce trees (Swedjemark et al. 1998 , 2001 , Swedjemark and Karlsson 2004 .
Clones that were wounded but not inoculated developed short necrotic lesions, extending no more than 2 mm beyond the wound point. This observation suggests that a signal from the damaged bark triggers a cascade of events that lead to programmed cell death and the development of necrotic areas, but the presence of the pathogen drives the border of the lesion away from the wound point in the susceptible clones. The most important factor in this reaction may be the speed of the host response; the resistant and susceptible clones may respond to infection in the same manner but differ in the speed at which the effective defense reactions occur. Time course studies on putative resistance mechanisms, such as the induction of chitinases, suggest that speed and localization of defense induction are critical in determining the relative resistance of a clone to pathogen attack (Hietala et al. 2004) .
Heterobasidion annosum was able to spread much further in the wood than in the bark in the 3-year old Sitka spruce clones. Real-time PCR detected the pathogen in the wood beyond the border of the visible lesion in both the resistant and the susceptible clones, indicating that resistance responses are much weaker in the wood than in the bark even in these young plants. Differences in the effectiveness of the resistance mechanisms present in the wood to Heterobasidion were evident in comparisons between resistant and susceptible clones. The resistant clones appeared to limit the growth of H. annosum in the wood although there was some extension beyond the limit of the lesion observed in the bark tissues, whereas H. annosum DNA was found up to three times further from the inoculation site in the most susceptible clone compared with the most resistant clone. Greater growth of the pathogen in wood than in bark may be related to the more open cell structure of the tracheids, enabling rapid longitudinal extension through the xylem. Moreover, the ability of woody tissues to respond actively to infection is limited because of the limited number of living cells present. Oxygen availability is higher in functional tracheids than in bark tissues (Boddy 1992 ) and this may promote growth of the pathogen in woody tissues.
Growth of H. annosum in the wood of the clones mirrored that in the bark: quantitative estimates of pathogen DNA showed that the more resistant clones had less H. annosum in the wood than the susceptible clones and these quantities were positively correlated with the length of the lesion in both bark and wood. How these results relate to host resistance and susceptibility is unclear. It is possible that active mechanisms in the wood of resistant clones reduce the ability of the pathogen to spread in the tracheids.
Our results support the hypotheses that: (1) quantities of H. annosum are greatly reduced in both bark and wood of resistant clones compared with susceptible clones of Sitka spruce; and (2) lesion lengths in resistant clones of Sitka spruce correlated with fungal colonization, but that the overall spread of Heterobasidion in the xylem tissues was underestimated by this method. Lesion length, however, provides a reliable relative estimate of host resistance to the pathogen. Our results demonstrate that real-time PCR is an effective tool for studying the relative resistance of conifer host tissues to the growth of H. annosum and that the spread of H. annosum in bark and wood tissue and the length of the necrotic lesions formed as a result serve as indicators of host resistance. The existence of Sitka spruce clones with varying degrees of resistance to this important pathogen can be exploited in future Sitka spruce breeding programs.
